Titanium (Ti)-wear particles, formed at the bone-implant interface, are responsible for aseptic loosening, which is a main cause of total joint replacement failure. There have been many studies on Ti particle-induced function changes in mono-cultured osteoblasts and synovial cells. However, little is known on extracellular matrix remodeling displayed by osteoblasts when in coexistence with Synovial cells. To further mimic the bone-implant interface environment, we firstly established a nanoscaled-Ti particle-induced aseptic loosening system by co-culturing osteoblasts and Synovial cells. We then explored the impact of the Synovial cells on Ti particle-engulfed osteoblasts in the mimicked flamed niche. The matrix metalloproteinases and lysyl oxidases expression levels, two protein families which are critical in osseointegration, were examined under induction by tumor necrosis factor-alpha. It was found that the co-culture between the osteoblasts and Synovial cells markedly increased the migration and proliferation of the osteoblasts, even in the Ti-particle engulfed osteoblasts. Importantly, the Ti-particle engulfed osteoblasts, induced by TNF-alpha after the co-culture, enhanced the release of the matrix metalloproteinases and reduced the expressions of lysyl oxidases. The regulation of extracellular matrix remodeling at the protein level was further assessed by investigations on gene expression of the matrix metalloproteinases and lysyl oxidases, which also suggested that the regulation started at the genetic level. Our research work has therefore revealed the critical role of multi cell-type interactions in the extracellular matrix remodeling within the peri-prosthetic tissues, which provides new insights on aseptic loosening and brings new clues about incomplete osseointegration between the implantation materials and their surrounding bones.
INTRODUCTION
Total joint replacement (TJA) is the most common treatment for severe degenerative or other arthritic joint diseases, such as end-stage osteoarthritis or rheumatoid arthritis. 1 2 Metal-on-metal articulations in the TJA treatment have become an attractive option for young and active patients, with low revision rates of long-term followup due to their biocompatibility. 3 It has also been well known that the formation of Ti-wear particles at nano-scale osteopontin (OPN) and alkaline phosphatase (ALP), not only with respect to surface features but also with respect to the effects of cellular interaction on these surfaces. Furthermore, functioned OPN labeling change suggested that the multi cell-type interactions played more important role than surface roughness or chemistry, at least on events related to initial stages of osteoblast differentiation. 8 However, little attention has been paid to the extracellular matrix (ECM) remodeling, an important complex process involving protein absorption, extracellular matrix formation and mineralization, and influenced by cell-cell interactions at the bone-implant interface. Here we proposed that the co-culture could modulate the extracellular matrix (ECM) remodeling during initial osseointegration between the implantation materials and their surrounding tissues. As synovial cells (SCs) in peri-prosthetic synovial membrane are considered to be one of the important potential targets for wear debris and may contribute to the imbalance within the ECM, 9 10 we established a new co-culture system to address the influence of the SCs on the osteoblasts, by investigating the osteogenic ECM remodeling mediators.
Matrix metalloproteinases (MMPs), a family of important mediators in the ECM remodeling, play a vital role in bone metabolism and may contribute to periprosthetic osteolysis, and 11 the abnormal expression of the MMPs may lead to pathological conditions affecting bone remodeling balance. Vidovszky et al. compared tissues from osteolytic and non-osteolytic regions of failed cementless total hip replacements and found changes of collagenase (MMP-1), gelatinase (MMP-2), and stromelysin (MMP-11) in the interfacial membranes from the osteolytic regions. 12 Lysyl oxidases (LOXs) belong to another ECM-modified family and play a substantial role in the biogenesis of connective tissue matrix by catalizing a lysine residue derived from cross-links in collagen. 13 The LOX family contains five members, i.e., lysyl oxidase (LOX) and four lysyl oxidase like proteins (LOXL-1, LOXL-2, LOXL-3, and LOXL-4), characterized by conserved C-terminal copper binding and catalytic domains. 14 A recent paper has begun to focus on their roles in osseointegration. 15 The collagen modification by lysyl oxidases (LOXs) occurs extracellularly and leads to the formation of intra-and inter-molecular crosslinks, which might determine the structural integrity of collagen network in bone. 16 In the present study, by characterizing the inflamed-induced expressions of the MMPs and LOXs related to the ECM balance, we hoped to better understand the mechanism underlying the inflammation-related osteolysis, which may ultimately lead to planning potential cure strategies.
MATERIALS AND METHODS

Ti Disk Treatment
Ti disks were purchased from Alfa Aesar (Ward Hill, MA, USA; diameter, 15.5 mm; height, 2.5 mm; Fig. 1(a) ).
The disks were washed three times with nitric acid, sodium hydroxide solutions and sterile phosphate-buffered saline (PBS), respectively. The discs were then fitted into the 24-well tissue culture plates (Corning, NY, USA), and coated with 5 pg/mL poly-D-lysine (Sigma, St. Louis, MO, USA) at 37 C for 40 min and type I collagen (Sigma) at 5 pg/mL for 30 min. The Ti disks were then washed with sterile PBS before the osteoblasts were seeded.
Ti Particle Treatment
Ti particles were also purchased from Alfa Aesar in a 0.25 g/mL of water mixture, with 90% of the particles <20 m in size. The particles were suspended in deionized distilled (DD) H 2 O, vortexed, and separated according to variable sedimentation rates of the variously sized particles. After sedimentation, the size distribution of the particles was examined under video-enhanced oil-immersion-lens microscopy (×4,000) as previously described. 3 The sedimentation procedure was repeated until >90% of the particles was within the desired sizegroup. Here, we chose the particles (<1.5 m, the group I in the literature. 3 In addition, The FITC-labeled Ti particles were at ∼400 nm in this study) for phagocytosis and ECM protein assay.
Synthesis of FITC-Labeled Ti Nanoparticles
FITC-Ti particles were synthesized according to a previous study, 17 18 Briefly; 75 mg Ti micro-particles (the group I above) were dissolved in 5 ml distilled water, sonicated for at least 45 min, centrifugated, and aqueous solutions removed from them. An excess of dopamine (DA, 1 mM, Sigma-Aldrich, MO, USA) aqueous solution was thereafter added and the mixture stirred for 10 min. After removal of free dopamine by centrifugation, the resulting DA-modified Ti nanostructures were further reacted with fluorescein isothiocyanate (FITC), so as to yield the FITClabeled Ti nanoparticles (the particles contained all sizes from <1.5 m particles, the nanoscale size at <400 nm was prone to yield FITC-labeled Ti nanoparticles). Free FITC molecules were subsequently removed by centrifugation and the samples re-suspended in phosphate buffered saline (PBS) for further processing.
Cell Culture
Osteoblasts were isolated via sequential collagenase digestions of neonatal rat Calvaria according to the established protocol. 19 The cells were then cultured in a 75 cm 2 flask containing 8-10 mL Dulbecco's Modified Eagle Medium (high-glucose DMEM, 0.1 mM nonessential amino acids, 4 mM L-glutamine, and 1% penicillin/streptomycin), with 10% foetal bovine serum (FBS, Gibco, CA, USA) at 37 C in a humidified atmosphere of 5% CO 2 in air.
Rat synovial cells (RSC) were collected according to the previous protocol. 20 The synovial tissues around the knee were collected from 4-6 week old rats. The tissues were immediately washed with 1 × PBS and cut into small pieces of dimension 2 × 2 × 2 mm 3 . The small pieces of synovial membrane were suspended in 10% FBS media (high-glucose DMEM, 0.1 mM nonessential amino acids, 4 mM L-glutamine and 1% antibiotics) and incubated at 37 C in a humidified atmosphere of 5% CO 2 and 95% air. The experiments were carried out with cells from only passage 3 to passage 5 (the primary two passages were used for RSC purification).
Co-Culture
The osteoblasts were seeded onto the type I collagencoated 24-well plates (Corning, in Ti disk group, the osteoblasts were seeded onto the type I collagen-coated Ti disk on the bottom of 24-well plates). The cells were allowed 24 h to attach and equilibrate in the 10% FBS media. The culture media were then removed and replaced with 2% FBS media for 16 h for starvation. Before sample collection, the culture media were replaced with fresh 1% FBS media. The RSCs were synchronously cultured in the transwells (Corning) in 10% FBS media for 24 h, changed to 2% FBS media for additional 16 h, and then replaced with 1% FBS media, finally fitting the transwells onto the 24-well plates to achieve co-culture.
Migration Assay
Osteoblasts were seeded onto semi-permeable 8.0 m pore-sized PET membrane of Borden chamber at the concentration of 1 × 10 4 cells per chamber. The synovial cells were synchronously seeded onto the type I collagen-coated 24-well plates and the two cell types were allowed 24 h to seed and equilibrate. Then the culture media of both cell types were removed and replaced by 2% FBS DMEM for 16 for starvation. The two culture media were replaced with the 1% FBS fresh media immediately before the co-culture and the osteoblasts could migrate to the other side of the PET membrane after 48 h of co-culturing. The nuclei were then stained with 4,6-diamidino-2-phenylindole (DAPI) (Invitrogen, CA, USA) and fluorescence images collected by a Zeiss LSM710 confocal microscope.
Cell Viability Assay Viabilities of the osteoblasts at different groups were examined using the CCK-8 assay kit. Briefly, the cells at different groups were cultured in a 24-well plate with or without SC co-culture at an initial seeding density of 5 × 10 4 cells per well. The CCK-8 kit reagents were added into each well according to the manufacturer's instructions after 48 h. Absorbance was measured using a microplate reader (model 550, Bio-Rad Laboratories, Hercules, CA, USA) at a wavelength of 450 nm.
Ti Particle and TNF-Treatment
Osteoblasts were seeded onto the type I collagen-coated 24-well plates in 10% FBS media for 24 h, changed to 2% FBS media for additional 16 h, and then replaced with 1% FBS media. The Ti particles were then added onto the osteoblast-seeded wells (Particle dosage: 0.10 mg/ml). For endocytosis, the FITC-labeled Ti nanoparticles at nanoscale were added and the cell morphology imaged at 12th h. The Culture media and Cell lysate samples were collected at 12th, 24th, 48th, and 72th h for zymography and Western blot. Cell lysate samples were collected at 24th h for semi-quantitative polymerase chain reaction (PCR). To detect the influence of synovial cells on the osteoblasts, the co-culturing was achieved immediately after Ti particle addition. The TNF-treatment was same as for the Ti particles. Culture media samples were collected at 12, 24, 48, and 72 h for zymography and 72 h for Western blot. Cell lysate samples were collected at 24 h for semi-quantitative PCR.
Confocal Laser Scanning Microscope (CLSM)
Osteoblasts were cultured with ∼0.15 mg/mL Ti nanoparticles and control media. After co-culturing, the osteoblasts were washed 3 times for 2 min and fixed in 2% glutaraldehyde for 20 min, followed by three rinses with 1 × PBS. Then they were permeabilized with 2% Triton X-100 for 2 min, washed with PBS, and then stained with 5 U/mL rhodamine-phalloidin (Invitrogen, CA, USA) at 4 C overnight. Thereafter the osteoblasts were counterstained with 10 g/mL Hoechst 33258 (Sigma-Aldrich) for 5 min and visualized with CLSM (TCS SP5, Leica, Germany).
Zymography
The protein concentrations were determined using the BCA kit (Kegen, Nanjing, China); and same quantities of different samples mixed with an equal amount of Laemmli sample buffer (62.5 mM Tris-HCl, pH 6.8, 25% glycerol, 2% sodium dodecyl sulphate (SDS), 0.01% bromophenol blue, and no -mercaptoethanol). The samples were then separated on a 10% SDS-polyacrylamide gel electrophoresis (PAGE) gel that was copolymerised with 0.05% gelatin. To regain enzyme activity by removing the SDS, the gels were washed three times for 1.5 h in 2.5% Triton X-100 at RT after electrophoresis. The washed gels were then bathed in proteolysis buffer (50 mM CaCl 2 , 0.5 M NaCl, Figure 2 . Cell morphology, migration, and proliferation of Ti particle-engulfed osteoblasts after SC co-culture. (a) Nanoscaled Ti particle-engulfed osteoblast model established in the study. (b) Cell morphologies of Ti particle-engulfed SC co-cultured osteoblasts. (c) Cell migration rates of Ti particle-engulfed osteoblasts at 48 h (n = 3). #Significant difference with respect to monolayer control (p < 0 05). (d) Cell proliferation rates of osteoblasts at 48 h (n = 3). * Significant difference with respect to monolayer control (p < 0 05). 50 mM Tris, pH 7.8) and incubated at 37 C for 12-16 h. Following this incubation, the gels were rinsed in a 2.5% Triton X-100 solution and stained at RT with Coomassie blue (45% methanol, 44.75% H 2 O, 10% acetic acid, 0.25% Coomassie blue R-250) for 1 h on a rotator. De-staining was performed in 40% methanol, 7.5% acetic acid, and 52.5% H 2 O, until white bands appeared clearly from the Coomassie blue background.
Western Blot
Protein samples were prepared by mixing one part of sample with one part of Bio-Rad Laemmli Sample Buffer and then boiled at 100 C for 5 min. The Proteins were separated in 8-12% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) (according to the molecular weights of the MMP and LOX profile) and transferred onto a polyvinylidene difluoride (PVDF) membrane at 200 mA for 1 h at room temperature (RT). The blot was blocked with 5% non-fat dry milk suspended in 1 × TBST for 2 h at RT. The resulting blot was incubated with 1:500 goat LOXs polyclonal antibodies (Santa cruz biotech, CA, USA) and MMPs (MMP-1/8 (Santa); MMP-3 (Abcam, UK)) for 1-3 h at RT, followed by incubation with 1:5,000 rabbit anti-goat IgG-HRP from Santa for 2 h at RT. Signals from the blots were obtained using Santa Cruz Western Blotting Luminol Reagent Kit (sc-2048). Proteins were visualized via chemiluminescence with hydrogen peroxide using Kodak X-AR and luminol as substrate.
Semi-Quantitative PCR
Osteoblasts RNA samples were isolated using the RNeasy Plus Mini Kit (Qiagen, CA, USA), with a genomic DNA eliminator. Isolated RNA was dissolved in RNase-free water and quantified by measuring the absorbance at 260 nm with a spectrophotometer. The RNA samples were then treated with DNase I (Mbi, MD, USA), and cDNA prepared from each sample, using 0.5 g of total RNA and the cDNA synthesis kit (Mbi) in a final volume of 20 L.
To evaluate the expression levels of the MMPs and LOXs in different treated groups, as normalized to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and beta-actin ( -actin), semi-quantitative PCR was performed with a PCR kit (Mbi) using a thermo-cycler (Bio-Rad, CA, USA). The selected sets of primers are described in previous data. 33 
Statistical Analysis
Statistical analysis was performed by one-way analysis of variance (ANOVA) to determine whether differences existed among groups. Post-hoc analysis utilized Fisher's Figure 3 . Activities of MMP-2 and -9 induced by TNF-in Ti particle-engulfed co-cultured osteoblasts are higher than in Ti particle-engulfed mono-cultured osteoblasts. (a) Zymography showed the activities of MMP-2 and -9 secreted by Ti plate-seeded and particles-engulfed osteoblasts after RSC co-culture. The gels are representative of three different experiments (n = 3). (b) Quantification demonstrated the activities of MMP-2 and -9 secreted by osteoblasts after RSC co-culture. Quantification was performed with Quantity One 4.6.3 software (bio-Rad). The optical densities of the pro-and active-MMP-2 (-9) bands were added as the total value of activity for MMP-2 (-9). The data are the mean of three different experiments (n = 3). Mono = monolayer control, Co-cult = co-culture, Plate and Particle = Ti plate and particle. * Significant difference with respect to monolayer control (p < 0 05). (c) Zymography showed the different activities of MMP-2 and -9 induced by 10 ng/mL TNF-in both Ti particle-engulfed mono-cultured and co-cultured osteoblasts. The gels are representative of three different experiments (n = 3). (d) Quantification was performed with Quantity One 4.6.3 software. Data are the mean of three different experiments (n = 3). Ti = Ti particles, TNF = TNF-. * Significant difference with respect to monolayer control (p < 0 05).
protected least significant differences (PLSD). In each analysis, critical significance level was set at p < 0 05.
RESULTS AND DISCUSSION
Establishment of Co-Culture System Between Osteoblasts and Synovial Cells
We firstly established the co-culture between osteoblasts and synovial cells through transwells ( Fig. 1(a) ). The transwells co-culture was allowed to achieve the matrix communications between the two cells. After the -actin staining, we found that the cell cytoskeleton (actin filaments) had no significant changes between mono-cultured and co-cultured osteoblasts ( Fig. 1(b) ), but there was increase of migration and proliferation. The migration rate in the co-cultured osteoblasts was as high as 173%, relative to the mono-cultured osteoblasts after 48 h by transwells assay (Figs. 1(c) and 2(c) ). The proliferation rate in the co-culture was as high as 154%, relative to the monoculture after 48 h by CCK-8 assay ( Fig. 1(d) ).
Cell Morphologies of Ti Particle-Engulfed
Osteoblasts After SC Co-Culture Previous studies have already shown that pure Ti and Ti6Al-4V alloy debris inhibit bone cell viability and biological functions in a dose-and time-dependent manner at mono-cultured cells. 21 22 By using the co-culture system, the SCs were cultured in the transwells (the upper one), and osteoblasts were cultured in the 24-well tissue culture plate (the lower one). The Ti disk and particles were all treated in the lower layer ( Fig. 2(a) ). The DAmodified Ti particles at nano-scale could be easily labeled by FITC. Our previous work has shown the cytotoxicity of Ti Nanoparticles. 18 In this study, we showed the cell morphologies of osteoblasts after endocytosis with the Ti particles at nano-scale (Fig. 2(b) ). The ability for engulfing the particles by osteoblasts was weaker at the micro-scale than at the nano-scale. The smaller the sizes of the particles were (<400 nm, yellow arrow), the more the particles that could be engulfed by osteoblasts. Besides, the particles which were engulfed by the osteoblasts with larger sizes (the white arrow) were at a lower ratio. We then examined the migration and proliferation of the particleengulfed osteoblasts after the SC co-culture and found that the migration and proliferation were all reduced in the engulfed osteoblasts than in the normal counterparts. The migration rates were reduced to 87% in the mono-cultured osteoblasts and 121% in the SC co-cultured osteoblasts (Fig. 2(c) ). The proliferation rates were reduced to 84% in the mono-cultured osteoblasts and 132% in the SC cocultured osteoblasts, compared with the normal osteoblasts ( Fig. 2(d) ). 
Co-Culture Induced Expressions of MMPs in Osteoblasts
The MMPs play a crucial role in aseptic loosening of artificial joints, due to their ability to degrade a wide variety of the ECM components at the bone-implant interface. 23 The MMP family members found in the periprosthetic microenvironment mainly consist of collagenases (MMP-1, -8 and -13), gelatinases (MMP-2 and -9), and stromelysin-1 (MMP-3, -10 and -11) . 24 The MMP-1 is the most abundant member of the MMP family and can degrade type I, type II, type III, type VII, and type X collagen. 25 We found that the MMP-1 was increased in the osteoblasts after the SC co-culture (for up to 1.15-fold compared to the mono-culture, Figs. 4(a) and 4(b) ). The MMP-3 has a broad profile of substrates, such as proteoglycans, fibronectin, laminin, elastin, gelatin, and collagen types. Furthermore, the MMP-3 is revealed to be a potent activator of other MMPs. 26 Here we found that the MMP-3 was also increased in the SC co-culture group (for up to 1.23-fold compared to the mono-culture group, Figs. 4(a) and (b)). The MMP-2 and -9 can degrade denatured collagen (gelatin) and type IV collagen, and are shown to be increased in the peri-prosthetic tissues. 27 We found that the MMP-2 and -9 were as high as 119% and 110% in the coculture groups, relative to mono-culture groups (Figs. 3(a)  and (b) ).
TNF-Induced the Expressions of MMPs in
Particle-Engulfed Mono-Cultured and SC Co-Cultured Osteoblasts TNF-is one of important cytokines that plays a vital role in the implant-induced inflammatory phase, 28 29 and we thus explored its impact on the expressions of the MMPs secreted by the particle-engulfed osteoblasts after the SC co-culture. We first found that the TNF--induced MMP-2 and -9 in the co-cultured osteoblasts were higher than those from the mono-cultured osteoblasts (MMP-2: was 130% in the co-cultured group related to mono-cultured group; while the MMP-9: was 144%). We also found that the activities of the MMP-2 and -9 were higher in the Ti disk group than in the normal co-culture, but much lower than in the particle-engulfed co-culture group (Figs. 3(a)  and (b) ). Considering this effect, the following experiments mainly focused on the effects of the Ti particles). The activities of the MMP-2 and -9 were further increased in the Ti particle-engulfed groups and the particle-engulfed SC co-cultured osteoblasts were as high as 1.55-fold in the MMP-2 and 1.23-fold in the MMP-9, relative to the monocultured osteoblasts, respectively (Figs. 3(c) and (d) ).
By using the Western blot, we then found that the expressions of MMP-1 and -3 induced by TNF-in the particle-engulfed co-cultured osteoblasts were more prominent than those in the mono-cultured osteoblasts, and the TNF--enhanced MMP-1 and -3 showed a dosedependent manner (Figs. 4(c) and (d) ). The MMP-1 expression in the SC co-culture group was 1.91-fold higher than that in the monolayer group at 10 ng/mL concentration, while the MMP-3 expression was 1.64-fold higher. These results suggest that the osteoblasts may actively contribute to the matrix weakening by over-secretion of the degrading MMPs, as previously described. 30 31 These results also show that the multicell-type interactions in the peri-prosthetic tissues should at least be considered, in addition to the implant roughness and surface chemistry, in events related to the ECM remodeling in the early stage of aseptic loosening.
TNF-Induced the Expressions of LOXs in Ti
Particle-Engulfed Co-Cultured Osteoblasts Collagen stability depends largely upon posttranslational modifications, including covalent intermolecular crosslinking, and plays significant role in defining the structural integrity of collagen network in bone. 13 14 The LOXs, as one of the key ECM collagen-modifying members, show their importance on osseointegration through the ECM molecular crosslinks. 16 We found that the SC co-culturing promoted the basal expressions of the LOXs in the normal osteoblasts ( Fig. 5(a), control lanes) . The increases in the disk and particle groups showed no significance (data not shown), and this may be due to their roles in the remodeling phase. During injury-repair process, the inflammatory phase occurs first and pro-inflammatory cytokines are activated (stage I). The reparative phase arises to block the pro-inflammatory cytokines and promote cell proliferation and collagen synthesis (stage II). The remodeling phase enhances the collagen crosslinks, leading to formation of collagen fibers and maturation of collagen matrix (stage III), and the three stages always overlap. 32 The LOXs can be regulated by cytokines and growth factors. Our previous studies elucidated that the IL-1 could increase LOX expressions in the ligament of human knee, 33 while the TNF-could decrease the LOX expressions. 34 The TGF-1 is an important growth factor in tissue remodeling that can enhance LOX expressions to promote the wound healing in ligaments. 35 In the present study we elucidated the expressions of LOXs induced by different dosages of the TNF-. The secreted LOXs were reduced by the TNF-in a dose-dependent manner in the particle-engulfed mono-cultured osteoblasts (LOX was reduced to 79.5%, 34.1%, and 20.5% by 1, 5, and 10 ng/mL of TNF-, respectively; while LOXL-1 was 69.2%, 70.3%, and 53.8%; LOXL-2 was 92.3%, 67.1%, and 25.5%; LOXL-3 was 38.1%, 35.7%, and 12.1%; LOXL-4 was 80.1%, 19.1%, and 17.9%, Fig. 4(b) ). The LOXs had a higher basal expression in the SC co-cultured group compared to the monolayer group, the TNF-also reducing their expressions in a dose-dependent manner (LOX was reduced to 87.1%, 60.3%, and 55.9% by 1, 5, and 10 ng/mL of TNF-, respectively; while LOXL-1 was 81.0%, 77.0%, and 60.0%; LOXL-2 was 86.2%, 77.5%, and 29.7%; LOXL-3 was 63.2%, 37.0%, and 34.2%; LOXL-4 was 82.8%, 73.9%, and 49.9%). Although the TNF--reduced LOXs in the SC co-culture were relatively Figure 6 . Gene expressions of MMP-1, -2, -3, and -9 are enhanced by TNF-in both Ti particle-engulfed mono-cultured and co-cultured osteoblasts. (a) Semi-quantitative PCR showed enhanced gene expressions of MMPs by TNF-in particle-engulfed mono-cultured and co-cultured osteoblasts, at 1, 5, and 10 ng = 1, 5, and 10 ng/mL concentrations. The gels are representative of three different experiments (n = 3). (b) The MMP gene expressions were quantified by the OD methods (Quantity One 4.6.3 software). The data are the mean of three different experiments (n = 3). * Significant difference with respect to monolayer and co-culture controls (p < 0 05), respectively. lower compared to the monolayer group (Fig. 5) at the early stage in the bone-implant interface, the LOXs were reduced by the TNF-in both the mono-cultured and co-cultured osteoblasts. Since the LOX enzymes participate in the ECM formation and repair through the collagen cross-linking, the TNF--impaired LOXs may provide explanation on the ECM weakening at the bone-implant interface.
TNF-Mediates the Transcription of MMPs and
LOXs in Ti Particle-Engulfed Mono-Cultured and Co-Cultured Osteoblasts After detection of post-transcriptional regulation of the MMPs and LOXs, we examined their gene expression levels, as induced by TNF-in both the Ti particle-engulfed monolayer group and co-culture group (Figs. 6 and 7) . We found that the TNF-increased the MMPs gene expressions in both the Ti particle-engulfed monolayer group and co-culture group, and the increase showed a dosedependent manner (Fig. 6(a) ). The MMP genes showed higher basal expressions in the co-culture group than in the monolayer group. Moreover, the TNF--increased MMPs expressions in the co-culture group were more prominent compared to the monolayer group (Fig. 6(b) ).
We next found that the TNF-reduced the LOXs gene expression in both the Ti particle-engulfed monolayer group and co-culture group, and the reduction showed a dose-dependent manner ( Fig. 7(a) ). The reduction in the co-culture group was more rapid compared to the monolayer group (Fig. 7(b) ). The LOX genes showed higher basal expressions in the co-culture group than in the monolayer group. The TNF-induced low expression of LOX to 38.8%, LOXL-1 to 14.3%, LOXL-2 to 54.1%, LOXL-3 to 18.5% and LOXL-4 to 20.1%, at 10 ng/mL concentration. These results inferred that the TNF--induced expressions of LOXs in the osteoblasts also happened at transcriptional level, just as the previous data in knee ligaments.
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CONCLUSION
This study described the influence of synovial cells on the Ti particle-engulfed osteoblasts by investigating the ECM remodeling mediators. Based on the unclear inflammationrelated osteolysis molecular mechanism which leads to the aseptic loosening of the prosthesis, we compared the TNF--induced expressions of the MMPs and LOXs between the Ti particle-engulfed mono-cultured osteoblasts and SC co-cultured osteoblasts in vitro. We found that the TNF--induced MMPs in the Ti particle-engulfed SC cocultured osteoblasts were higher than those in the monocultured osteoblasts. Also, the TNF--induced LOXs were reduced in both the mono-cultured and SC co-cultured osteoblasts, although the basal expressions in the coculture were higher compared to the mono-cultures. The gene expressions generally correlated with their specific protein expressions, which inferred that the modulation happened at the transcriptional level. Taken together, the results from this study suggest that the osteoblasts may directly contribute to ECM matrix weakening in response to the Ti particles, as one of the first cell lines exposed to debris from the prostheses. The results also suggest that the multi cell-type interactions in the peri-prosthetic tissues may play an important role in the ECM remodeling at the bone-implant interface.
